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Compound semiconductor epitaxy on non-(1 00) oriented substrates is currently receiving considerable 
attention for novel physics and device applications. The crystallography of the high index surfaces results in 
substantial differences between the growth modes and reconstruction on the non-(100) and the (100) 
surfaces. The electronic band structure of non-(1 00) quantum wells is also considerably modified. This article 
reviews some of the research work in the field of novel index surfaces. 
T ethnological developments, providing the possibility of producing very pure semi- (a) Ga 
conductors and very well-defined 
layered structures displaying new 
physical phenomena, have led to a 
great improvement in our under- 
standing of the basic physics of 
electrons and holes in semiconduc- 
tors. Research on quantum wells 
(QWs), superlattices and het- 
erostructures has rapidly expand- 
ed during the past decade owing 
to their potential applications in 
novel devices and their many 
unique physical properties. 
To date, most studies of III-V 
semiconductor structures have 
concentrated on the conventional 
(100) oriented substrates because 
of the wide range of growth condi- 
tions, which result in good epitaxi- 
al layer quality; the well-developed 
processing technology for this ori- 
entation; and the natural cleavage 
planes normal to the (100) orienta- 
tion, which is important in fabricat- 
ing semiconductor devices, such as 
lasers. 
(01 1) (lll)B 
However, modulated semicon- 
ductor structures are likely to ex- 
hibit interesting phenomena 
which are strongly orientationde- 
pendent as a result of: (i) the differ- 
ence in both the conduction and 
valence band structure for differ- 
ent surface orientations; (ii) 
growth kinetic dependence on the 
surface index; (iii) strain depen- 
dence on the surface index when 
heterostructures are grown; and 
Figure 1. Schematic view of the stacking of atomic layers and the bonding atoms at (a) vari- 
ous planes shown by heavy lines and (b) the (311) planes in the zinc-blende structure as is 
found in GaAs. 
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(iv) charge or surface polarity de- Novel physics 
pendence on the surface index. 
Interest in the use of (Nil) sur- 
faces (see Figure 1) as substrates of 
epitaxial growth of III-V semicon- 
ductor QWs, superlattices add het- 
erostructures has significantly 
increased over the last few years 
because these structures reveal su- 
perior properties. 
The possibility of changing and 
improving the fundamental materi- 
al properties, growth mechanisms, 
surface kinetics and impurity in- 
corporation by growing on crystal 
orkntations other than (100) has 
motivated a strong effort to study 
these aspects. Some very interest- 
ing features have emerged con- 
cerning the piezoelectric effect, 
the dopant incorporation, the self- 
organization of microstructures, 
the ordering of ternary alloys and 
the overlayer strain. In addition, 
growth on high index planes ap 
peals to the research field related 
to epitaxial regrowth on patterned 
substrates, which is receiving 
much attention for its importance 
in the formation of advanced quan- 
tum structures such as quantum 
wires and quantum boxes, since 
new physical phenomena with ap 
plications to semiconductor lasers 
and other functional optical de- 
vices are expected. 
Non-(lOO) oriented surfaces are 
different from the conventional 
(100) surfaces in terms of dopant 
incorporation. For example, Si is an 
n-type dopant for (1 OO)-oriented 
GaAs in the molecular beam epi- 
taxy (MBE) process, while Si acts as 
an acceptor on (Nll)A GaAs when 
N13, but behaves as a donor on 
(Nll)A for N25 and on (Nl l)B for 
all values of N. This permits the 
prospect of the manufacture of nov- 
el devices based on the amphoteric 
nature of Si, for example the realiza- 
tion of lateral pn junctions on pat- 
terned substrates where the (Nl l)A 
and (100) surfaces are alternatively 
exposed. Furthermore, the conduc- 
tion type of Si could be controlled 
during MBE, for example, by chang- 
ing the growth temperature and 
V/III flux ratios.The importance of 
Si also arises from its small diffusion 
coefficient in most III-V compound 
semiconductors. 
Si-doped (11 l)A, (21 l)A and 
(31 l)A GaAs samples grown by 
MBE at different As overpressures 
have been studied by D.Johnston et 
al. [ 11. Hall effect measurements 
have revealed that the doping 
changes from p-type to n-type 
when the As pressure is increased. 
The transition As pressure was 
found to be lower for the (21 l)A 
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Figure 2. As pressure dependence of the free carrier concentration and doping fype in 
(21 l)A and (31 l)A S&doped GaAs [i]. The lines are for guidance only 
than for the (31 l)A surfaces (Figure 
2). Photoluminescence measure- 
ments revealed that when the As 
pressure increased, arsenic vacancy 
defects were changed into pairs of 
Ga vacancy and Ga antisite defects. 
The standard measure of the 
quality of semiconductor materials 
is the mobility of the charge carri- 
ers. Since the development of mod- 
ulation-dopi.ng techniques, the 
transport properties of two-dimen- 
sionally confined charge carriers in 
semiconductors have attracted 
considerable interest.To date, with 
a few exceptions, most modula- 
tiondoped GaAs/(AlGa)As het- 
erostructures have been grown on 
the (100) orientation, which is not 
necessarily the optimum surface 
from the point of view of material 
quality. 
Electron mobilities exceeding 
10 million cm2.V1.s1 have been 
achieved in modulation-doped 
GaAs/(AlGa)As heterostructures 
grown on the standard (100) GaAs 
surface [2]. Fascinating quantum 
physical properties of such high- 
quality two-dimensional electron 
gases (2DEG) have been ob- 
served: the integer and fractional 
quantum Hall effect (IQHE and 
FQHE), and ‘Wigner crystallization, 
for example. In spite of a number 
of attempts ‘by several laboratories 
around the world, the mobilities 
of the potentially very interesting 
2DHGs (two-dimensional hole 
gases) have remained consider- 
ably lower. Consequently, a full ex- 
ploration of the FQHE and the 
Wigner crystallization of holes has 
not been posssible. It is also worth 
noting that the early interest in 
2DHGs (for example there was a 
large research activity in the mid- 
1960s in p-channel Si MOSFETs), 
which is over 25 years old, died off 
because of their very large and 
anisotropic effective masses and 
low mobilities. Traditionally, most 
MBE p-GaAS/(AlGa)As heterostruc- 
tures have been grown on the 
(100) GaAs surface with beryllium 
as the p-type dopant. Until recent- 
ly, the growth of high mobility 
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2DHGs has been frustrated by vari- 
ous technical problems. An im- 
proved mobility for 2DHGs may be 
obtained by growing on a (3 1 l)A 
GaAs surface. The improvements 
are likely to be due in part to re- 
duced incorporation of carbon 
and sulphur on (3 11)A substrates 
during MBE growth. For this 
plane, silicon is incorporated as 
an acceptor and, in general, sili- 
con may be obtained in a purer 
form than beryllium. This has al- 
lowed the production of record 
hole mobilities with high hole 
densities: l.t = 570 000 cm2.V1.s1 
with hole sheet density pS = 
1.2~10” cm-* at 50 mK by Davies 
et al. [3]; p = 820 000 cm2.V1.s1 
with p, = 1.8 x 10” cm-* at 20 
mK by Here-mans et al. [4].The re- 
alization of high mobility 2DHGs 
with lower carrier densities is of 
particular interest for a number of 
reasons. Practically it allows mea- 
surement of a given Landau level 
filling factor at lower magnetic 
fields. It is therefore quite challeng- 
ing to further improve the hole 
mobility. 
Henini et al. [5] reported low 
temperature (100 mK) two-dimen- 
sional hole mobilities exceeding 1.3 
million cm*.V’s-l at carrier con- 
centrations as low as 8~10’~ cm-* 
in a GaAs/(AlGa)As heterojunction 
grown on a (3 1 l)A GaAs surface us- 
ing Si as the acceptor. This hole mo 
bility is the highest ever observed in 
a semiconductor. Figure 3 compares 
the mobility as a function of p, at 2 
K and 100 mK.The carrier density 
can be increased by infrared illumi- 
nation providing a range of p, from 
0.85 to 1.45~10” cm-*. 
Quantum aspects 
III-V quantum wells grown pseudo- 
morphically strained on axes other 
than (100) incorporate piezoelec- 
tric fields which modify their elec- 
tronic structure and optical 
properties. In particular the 
interest in (111) substrate orienta- 
tion is stimulated by its specific 
properties. These include internal 
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piezoelectric field, favourable 
configuration of the valence band 
for laser emission and different 
polarization selection rules for 
nonlinear optics. A large number 
of devices utilizing this non-con- 
ventional substrate orientation 
have been fabricated worldwide, 
including QW lasers [6], double 
barrier resonant tunnelling 
diodes [7] and blue-shifting light 
modulators [8]. 
Quantum wires (QWI) have re- 
cently attracted wide attention be- 
cause they are important both in 
the fundamental physics of one-di- 
mensional electronics systems 
and in advanced and photonic ap- 
plications. Recent advances in the 
epitaxial growth technology have 
provided several new ways to fab- 
ricate QWIs. One such technique is 
the MBE double-growth technique 
called Cleaved-Edge-Overgrowth 
(CEO), which over the past few 
years has proved itself to be espe- 
cially suitable for making QWI of 
the very highest quality. The 
method consists of two growth 
steps separated by an in situ cleave 
(see Figure 4). After conventional 
growth of a QW structure on a 
(100) oriented substrate, the 
wafer is removed from the MBE 
machine, lapped from the rear 
side, and reinserted into the 
growth chamber. An in situ cleave 
is performed and a second over- 
growth is performed on the fresh 
(110) surface exposed by the 
cleave. 
W.Wegscheider et al. [9] were 
the first to demonstrate the opera- 
tion of current injection of a QWI 
semiconductor diode laser fabri- 
cated by CEO.The active region in 
their index guided lasers consist- 
ed of 15 QWIs formed at the right 
angle intersection of 15 [ 1001 ori- 
ented quantum wells each 7 nm 
wide, with a single 7 nm wide 
quantum well grown along the 
[l lo] direction. The linear p-n 
junction, where holes and elec- 
trons meet along a line instead of 
a plane, was formed in the vicinity 
of the QWIs by Be-modulation 
doping the multi-quantum wells 
grown along the [ 1001 direction 
during the first growth, followed 
by Si-modulation doping of the 
single quantum well formed dur- 
ing the second growth. They 
achieved threshold currents of 0.4 
and 0.6 mA for cavity lengths of 
400 and 800 pm, respectively. 
These values were obtained for 
uncoated laser mirror facets. 
Defect-free quantum dots, with 
threedimensional exciton confine- 
ment, can be produced by using 
only one stage of the MBE tech- 
nique.This has stimulated many re- 
search groups to investigate the 
growth mechanisms, as well as the 
structural, optical and transport 
properties of these quantum dots. 
The quantum dot formation is 
based on the growth of strained 
coherent islands. Several groups 
around the world [ 10,l l] have 
shown that both surface orienta- 
tion and kinetic processes play a 
key role in redistribution of de- 
posited material between islands 
and are responsible for quantum 
dot properties, such as size distrib- 
ution and shape (see Figure 5). 
Device applications 
YHanamaki et al [12] investigated 
the optimum growth conditions for 
fabrication of a highly reflective dis 
tributed Brapg reflector (DBR) with 
extremely flat heterointerfaces on 
(4 11)A GaAs substrates by MBE.The 
optimum wowth temperature and 
the V/III (As4/Ga) ratio were found 
to be 580°C and 8, respectively. 
They fabricated for the first time an 
InGaAs VCSEL on the (4 1 l)A GaAs 
surface using the above growth 
conditions. ‘The lasing action of 
their VCSEL ‘was confirmed at room 
temperature by pulse optical pump 
ing, and was found to have im- 
proved threshold characteristics 
compared with conventional GaAs 
(100) substmtes. 
Growth of VCSELs on (31 l)B 
GaAs grown by MBE was studied by 
D.E.Mars et al’. [ 131 .The (3 1 l)B orien- 
tation was selected because it has a 
relatively large nonlinear optical co- 
efficient (though not as high as (111) 
and (211)) and the B face can be ef- 
fectively doped n-type with Si. With 
an improved structure they obtained 
CW lasing at room temperature with 
300A.cme2 as a broad area laser and 
1.4 l&cm-* as aVCSEL.They also in- 
vestigated a structure for second har- 
monic gener;aion (SHG) in a VCSEL 
diode. This lype of device should 
emit coherent laser light at half the 
wavelength of the fundamental laser 
light. 0.55 nW of blue second har- 
monic laser light at 490 nm was de- 
tected at room temperature. 
AlGaAs/GaAs double-hetero 
structure (DH) LEDs have been 
grown by KFujita et al. [14] on 
(11 l)A and (21 l)A substrates by 
MBE, using only Si as a dopant.The 
successful formation of the DH 
structures were confirmed by scan- 
ning electron microscope and cur- 
rent-voltage characteristics. The 
peak wavelength of the emission 
spectra for both the (1ll)A and 
(2 1 l)A samples was 875 nm at 300 
K.The peak intensity of the (2 1l)A 
was stronger than that of the 
(11 l)A sample. This was due to an 
improved AlGaAs/Gtis interface 
structure. 
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InAs/GaAs(OOl) 
200 nm x 200 nm 
InAs/GaAs( lll)B 
100 nm x 100 nm 
&ure 5. STM pictures of lnAs/GaAs Quantum dots grown on (100). (11 l)B, (31 l)A and 
(311)B planes ill]. 
InAdGaAs(311)A 
200 nm x 200 nm 
InAdGaAs(3ll)B 
200 nm x 200 nm 
H.Ohnishi et al. [15] demon- 
strated lateral tunnelling transis- 
tors on GaAs (3 11)A and (41 l)A 
patterned substrates by using the 
plane-dependent Si-doping tech- 
nique. Lateral p+n tunnelling 
junctions were fabricated by 
growing heavily Si-doped layers 
on patterned substrates. Current- 
voltage curves for both transis- 
tors revealed gate-controlled 
negative differential resistance 
characteristics. Their investiga- 
tion showed that the peak cur- 
rent density of the lateral 
tunnelling diodes fabricated on 
the (3 1 l)A patterned substrates 
increased as the buffer layer 
thickness increased. When the 
buffer layer thickness was 1.2 pm, 
a typical peak current density of 
58 A.cm-’ was achieved for 
p=6x1019 cm-3 and n=7x!O’* cm-s. 
Recent progress in epitaxial 
growth on patterned substrates in- 
dicates that such techniques will 
provide an additional degree of 
freedom in heterostructure band- 
gap engineering, which will find 
uses in device applications. 
Patterned substrate epitaxy in- 
evitably involves growth on high 
index planes, which points to the 
necessity of understanding epitaxi- 
al growth on non-(100) surfaces in 
its own right. 
Novel index surfaces have 
great potential for optical and 
electrical devices with increased 
performance. Recent develop- 
ments in this field will be present- 
ed at the third ‘International 
Workshop on Growth, Characteri- 
zation and Exploitation of 
Epitaxial Compound Semicon: 
ductors on Novel Index Surfaces’ 
(NIS-98) which will be held in San 
Rafael, Spain, from 6-9 October 
1998. (For futher information on 
NIS-98 see the Diary section, 
~~52-53). The aim of this work- 
shop is again to discuss all these 
frontier aspects and to emphasize 
new directions in this rapidly 
growing field. 
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